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ABSTRACT 
Recent measurements of the magnetic f i e l d  in the vicinity of the 
moon by Explorer 35 indicate the absence of a bow shock wave and only 
small perturbations i n  the lunar wake. 
developed baaed upon a guiding-center approximation. 
comparison of the theoretical  and the experimental re su l t s  is obtained. 
A theoretical  model hao been 
A favorable 
m 
I 
1. INTRODUCTION 
The s o l a r  wind represents  t he  supersonic expansion of t he  
s o l a r  corona i n t o  in t e rp l ane ta ry  space. It is  comppsed pr imar i ly  
of protons arid e lec t rons  w i t h  a srnall ( l e s s  than 10%) admixture of 
doubly ionized helium and smaller  amounts of heavier elements i n  
var ious  s t a t e s  of ion iza t ion .  A t  t he  o r b i t  of e a r t h  the  solar 
wind v e l o c i t y  va r i e s  between 300 and 800 km/sec with a t y p i c a l  
dens i ty  of 5 protons/cm 3 . This represents  a proton energy of from 
400 eV t o  4 keV and a f lux  of approximately 3 x 10 8 protons/cm*/sec. 
Imbedded i n  t h i s  plasma i s  an extended s o l a r  magnetic f i e l d  of 
3 t o  8 y (1 Y:10m5 oe r s t ed ) .  
temperatures a r e  not equal and the thermal motion of  the  ions anigo- 
t rop ic .  
T1,/TL varying' between 1.5 and 4. 
I n  general  the  e l ec t ron  and ion 
The temperature of t he  ions is approximately lo5 OK with 
The e l ec t ron  temperatures are found 
to be 1-3 times t h e  ion  temperatures. 
in the solar wfnd vary from a c o l l i s i o n  length  of the order  of 1 AU 
The length  s c a l e s  of i n t e r e s t  
t o  t h e  ion gyroradius of t h e  order of 50 km and the  Debye length  of 
the order  of 10 meters. Both the  Alfven and ion thermal v e l o c i t i e s  
in c i s luna r  space a r e  approximately 50 km/sec so t h a t  t h e  Mach number 
\ 
of s o l a r  wind f l o w  is of the  order of 10. 
Because qf the  d i f f e r e n t  magnetic p rope r t i e s  of t h e  moon and the  
e a r t h ,  the i n t e r a c t i o n  of t h e  s o l a r  wind w i t h  t hese  t w o  bodies is v a s t l y  
differerit, Tho, main f ea tu res  of the e a r t h ' s  case (reviewed e a r l i e d  i n  
t h i s  symposium 1 ) are:  ti) t h e  formation of a magnetosphere around which 
the bulk of the  s o l a r  plasma flows, ( i i )  the  developement of an extended 
magnetic t a i l  i n  the  a n t i s o l a r  d i r e c t i o n ,  and ( i i i )  the  presence o f  a 
detached, c o l l i s i o n l e s s  bow shock wave upstream from the  magnetosphere, 
The adaptation of  f l u i d  flow theory t o  s o l a r  wind flow post  t h e  
e a r t h  has been ou i t c  use i 'u l  ii: desc r ib ing  t h i s  in te rac t ion .  It has 
been espec ia l ly  successful  i n  pred ic t ing  the  va r i a t ions  of t h e  plasma 
and magnetic f i e l d s  i n  the  boundary l aye r  known as t h e  magnetosheath. 
It is  the  purpose of t h i s  paper bdth  t o  dtsciiss recent  
experimental r e s u l t s  obtained on the  s o l a r  wind in t e rac t ion  w i t h  t he  
moon and t o  present  a t h e o r e t i c a l  model of t h i s  i n t e rac t ion  based 
upon k i n e t i c  theory. 
\ 
\ 
\ 
/ 
11. OBSERVATIONS OF MAGNETIC FIELD PERTURBATIONS BY LUNAR WAKE 
The experimental r e s u l t s  were obtained from t h e  Explorer 35 
spacecraf t  which was placed i n t o  a lunar  o r b i t  on J u l y  22, 1967 
w i t h  the following o r L l i t a l  parameters: 
p e r i s e l e n e  = 1.5 ?m, i n c l i a a t i o n  = 169O and per iod = 11.5 hours, 
aposelem = 5.4 Rm (Rm = 1738 km), 1 
, 
As they o r b i t  t h e  e a r t h  the  moon and Explorer 35 a r e  i m e r s e d  
r e p e t i t i v e l y  i n  in te rp lane tary  space, the  geomagnetosheeth and the  
geomagnetotail. Data taken while t he  spacecraf t  is i n  t h e  geomagnetic 
t a i l  have been used t o  set an upper limit to t h e  magnetic moment 
20 of the  moon2 of LO cgs u n i t s  implying a su r face  f i e l d  of less than  4Y.  
O f  primary i n t e r e s t  i n  t h i s  study a r e  the  per iods when the  moon is 
ou t s ide  the  e a r t h ' s  bow shock i n  the  s o l a r  wind. During such times 
measurements of t h e  magnetic f i e l d  i n  the v i c i n i t y  of the  moon have 
been made during hundreds of spacecraf t  o r b i t s .  The c h a r a c t e r i s t i c s  
of o bow shock (viz .  a jump i n  f i e l d  magnitude 'uy a f ac to r  of 2-4 and 
s u b s t a n t i a l  increase i n  f luc tua t ions  accompanying t h e  hea t ing  of the  
plasma) have not been observed. The in te rp lane tary  magnetic f i e l d  is 
observed t o  be only s l i g h t l y  perturbed by the  presence of t he  moon 3-6 . 
In t h e  core  of the  lunar  wake observat ions c h a r a c t e r i s t i c a l l y  show an 
increase  of t he  magnetic f i e l d  530% of the  unperturbed value.  In 
t h e  penumbral regions,  around t h i s  core,  both p o s i t i v e  and negat ive 
per turba t ions  of t h e  in te rp lane tary  f i e l d  s t r eng th  a r e  o f t e n  observed. 
rnl- L U ~  - iiiagnitude and geometry of t he  per turba t ions  vary with condi t ions 
i n  the  undisturbed s o l a r  wind, v e r i f i e d  by simuftaneoue measurements 
with o the r  s a t e l l i t e s  i n  c i s luna r  space. 
The major e f f e c t  of the  moon on the  in te rp lane tary  medium is the  
7 c rea t ion  of a plasma cavi ty  ; the  e lec t rons  and ions impacting the  
sur face  are absorbed by the  lunar  body. 
t he  development of a boundary l aye r  analogous t o  the  e a r t h ' s  magneto- 
s heath . 
There is a l s o  no evidence fo r  
A sample of  magnetic f i e l d  measurements i n  the  lunar  wake d isp lay ing  
r e l a t i v e l y  la rge  per turba t ions  of t he  magnetic f i e l d  is shown i n  
Figure 1. 
plane i n  the  upper l e f t  hand corner and p o s i t i o n a l l y  co r re l a t ed  with 
the  da ta  through UT annotation. As the  spacecraf t  en t e r s  t he  lunar  
wake region, an o s c i l l a t i n g  p a t t e r n  of - -t- - anomalies is detected.  
Subsequently a f t e r  egression from the  core region where a positLve 
anomaly some 30% above the  undisturbed Lield magnitude of approximately 
7.5Y was detected,  a s e t  of - t- - anomalies is again observed. Note 
t h a t  the  l a t i t u d e  angle,  8, and longi tude angle,  4, i n  s e l enocen t r i c  
s o l a r  e c l i p t i c  coordinates  , i nd ica t e  the  absence of  appreciable  
d i r e c t i o n a l  va r i a t ions  of t he  f i e l d s  through the  lunar  wake region. 
The spacecraf t  t r a j e c t o r y  is  shown pro jec ted  on t h e  e c l i p t i c  
Such la rge  va r i a t ions  of t h e  magnetic f i e l d  i n  the  lunar  wake a re  
not always observed. Figure 2 shows an example when, without t he  use of 
simultaneous c o r r e l a t i v e  da t a  from another spacec ra f t  i n  c i s luna r  space, 
it would have been d i f f i c u l t  t o  p o s i t i v e l y  i d e n t i f y  the  umbral increase .  
The time o f f s e t  shown between t h e  two s a t e l l i t e s  is  due t o  t h e i r  
d i f f e r e n t  pos i t ions  in  space and the  s t r u c t u r e  of the  in t e rp l ane ta ry  
medium. Here it is noticed t h a t  only a p o s i t i v e  anoiiialy o f  Rppro?ci- 
mately 20',: i s  r e a d i l y  i d e n t t f i e d  i n  the  umbral core .  Other cases  
show even l e s s  l u n a r  e f f e c t  on the  f i e l d  2,5 . 
These two cases a r e  representa t ive  of the  per turba t ions  
observed i n  t h e  lunar  wake. It is c l e a r  from mul t ip l e  passes  
through t h e  wake t h a t  t he  o r i e n t a t i o n  of the  in t e rp l ane ta ry  
magnetic f i e l d ,  0 0 ,  and the  r a t i o  of plasma thermal energy to  magnetLC 
f i e l d  energy, l3, a r e  important i n  determining both t h e  geometry and 
the magnitude of t h e  magnetic f i e l d  per turba t ions .  In t e re s t ed  
readers  a r e  r e fe r r ed  t o  the  o r i g i n a l  papers fo r  d i scuss ion  of t he  
NASA-GSFC magnetic f i e l d  e x p e r h e n t  d e t a i l s ,  
111. THEORY 
1. Theore t ica l  Model 
4 s teady-s ta te  model for the  plasma and f i e l d  i n  the  v i c i n i t y  
of the  moon is considered here. Let & denote the  s o l a r  wind 
ve loc i ty  i n  the  unperturbed region upstream from the  moon, & 
unperturbed magnetic f i e l d ,  and 8, t h e  d i r e c t i o n  angle  ( the  angle 
between -I& and I&,). The r a t i o  of Uo t o  the  upstream ion thermal 
v e l o c i t y  i s  of t he  order  of 10. The su r face  of the moon is assumed 
t o  absorb a l l  impinging charged p a r t i c l e s .  
the 
Because t h e  Larmor rad ius  of charged p a r t i c l e s  is small (<3%) 
compared with the  dimension of t h e  moon, each p a r t i c l e  may be 
approximated by a guiding-center p a r t i c l e d .  
cen te r  gas  has thermal motion only along t h e  f i e l d  l ines9 ,  and thus  
under t h i c  approximation, t h e  problem is reduced t o  the  i n t e r a c t i o n  
between a sphere and a supersonic one-dimensional guiding-center gas.  
The p a r a l l e l  thermal motion i s  assumed t o  be maxwellian f o r  t h e  guiding- 
The lowest-order guidiag- 
cen te r  gas upstream, and t h e  magnetic moment is invar ian t  following each 
guiding-center.  
The v e l o c i t y  of a charged p a r t i c l e ,  5 may be expressed as the  
vec to r  sum of t h e  d r i f t  ve loc i ty  2, the  component of t h e  guiding-center 
v e l o c i t y  p a r a l l e l  t o  the  f i e l d  5 and t h e  Larmor gyra t iona l  v e l o c i t y  
To lowest order ,  s is r e l a t e d  t o  t h e  magnetic moment by 
I f  a guiding-center d i s t r i b u t i o n  function, f ,  is defined as  a funct ion 
of v ,  p, 5, and t ,  then f is r e l a t e d  t o  the ordinary d i s t r i b u t i o n  
funct ion F (I7, 5, t )  by 
9 
The k i n e t i c  equation can be reduced t o  s t a t e  t h a t  f /S  i s  conserved 
following the t r a j e c t o r y  of a guiding center  i n  phase space 10 . 
D ( f/B) = 0. (1)  
Along each t r a j e c t o r y  the  plasma is  microscopically frozen i n t o  t he  
f i e l d .  In  t h e  in t e rex t ion  r e t i o n ,  t he  pidihd-c:ciitcr d i s t r i l i u t ion  
function i s  zero i f  Lhe guj.ding-centcr t r a j e c t o r y  i s  intercepted by  
t h e  surface o f  t h e  moon. Otherwise, the  frozen-in condi t ion gives 
2. Analytical  Solut ions f o r  Ion Flow 
In  the i n t e r a c t i o n  region, t he  guiding-center t r a j e c t o r y  of ions 
is def lected s l i g h t l y  from a s t r a i g h t  l i n e  by v a r i a t i o n s  of t h e  magnetic 
and t h e  e l e c t r i c  f i e l d s .  Simple a n a l y t i c a l  r e s u l t s  fo r  t h e  ion flow 
i n  t h e  in t e rac t ion  rcgioii are obtained i n  t h i s  paper by approximating 
t h e  ion guiding-center t r a j e c t o r i e s  by s t r a i g h t  l i n e s .  Included i n  
the  analysis  a r e  ( i )  t he  t runca t ion  of t h e  d i s t r i b u t i o n  funct ion due 
t o  absorption of per t i c l i e s  by  t he  su r face  of t h e  moon, and ( i i )  t he  
microscopic frozen-in condition of t h e  guiding-center plasma. This 
* -  
paper presents  a modif icat ion of t h e  e a r l i e r  model *"' by including the  
frozen- i n  cendit  ion. 
Under t h e  assumptions stated above, one can c a l c u l a t e  t he  guiding- 
center  d l s t r t b u t i o n  funct ion for  ions and then c a l c u l a t e  t he  macroscopic 
flow proper t ies  . The coordinate system is shown i n  Figure 3, t he  X axis 
is paral le l  t o  i&, t h e  2 axis is p a r a l l e l  t o  EO x &, 
loca ted  at  t h e  center  of t h e  moon. 
is normalized by using t h e  radius  of t he  moon as a u n i t  length. 
i n t e rac t ion  region is thus i n t r i n s i c a l l y  divided i n t o  four regions as 
2 shown i n  Figure 3. 
S2 = Uo /(2kTllo/mi). 
d i s t r i b u t i o n  funct ion and obta in  the  following r e s u l t s .  
8 
and t h e  o r i g i n  is 
The scale of  t h e  coordinate system 
The 
Let sin2Y = (1 - Z2)/(X2 4- Y ), t a n  h = Y/X and 
2 Then one can in t eg ra t e  t h e  guiding-center 
In  region 0 
n N/N, 5 B / B ~  ( 3  
In  region 1 
where 
y1 = sin (cu + h)/sin(Jo - (Y - A), 
and e r f c  is the  complementary e r r o r  funct ion def ined as 
In  region 2 
where 
Y 2 = sin(cu - A)/sin(Pi,-!-u-X). 
In  region 3 
3. Maxwel l '  s Equations and Numerical Solut ions 
Under the assumptions t h a t  t h e  t o t a l  e l ec t r i c  cur ren t  €n the  
lunar wake4 is composed of the magnetizntion cu r ren t ,  the grad ien t  
d r i f t  current  and the  curvature  d r i f t  cu r ren t ,  M a x w e l l ' s  equations can 
be w r i t t e n  i n  the follotring dimensionless form", 
v . ,  b = O  
' .  
e -  
I 
I n  t h i s  frozen-in model, n and p are funct ions of b, S and 80. 
Subs t i t u t ing  the a n a l y s t i c a l  so lu t ions  for n and p i n t o  Equations 
(11) and (12), one can study their so lu t ions  for n, p and 
of z a n d  four dimensionless parameters: 'fl, S, Bo and @. 
t he  method of so lu t ions  described i n  Reference 11, one can c a l c u l a t e  
t he  numerical so lu t ions  of Equations (11) and (12) on t h e  XY-plane. 
Quant i t ies  obtained i n  a t yp ica l  numerical so lu t ion  are p l o t t e d  a s  
funct ions of t h e  longi tude angle, 0, at  f ixed  r a d i a l  d i s tances  in 
Figures 4 and 5. 
a r e  a l s o  shown. 
as funct ions 
Following 
The values  used for the four dimensionless parameters 
I V  . SUME.IARY 
Experimentally the  following fea tures  of t he  f i e l d  and plasma 
i n  the  wake of t he  moon are observed: ( i )  The magnitude of the  
magnetic f i e l d  increases  in the  o p t i c a l  shadow and a p a t t e r n  of 
a l t e r n a t i n g  decreases and increases is detected at times outs ide  
t h e  s h a d o f l *  . ( i i )  A plasma cav i ty  is produced i n  the  core region 
of t h e  o p t i c a l  shadow7 where the f i e l d  is always observed t o  be 
increased. (iii) The frozen-in condition leads  t o  pos i t i ve  
co r re l a t ions  between the  ion densi ty  and magnetic f i e l d  s t rength ,  
6B *N outs ide  t h e  op t i ca l  shadoda .  The k i n e t i c  theory model 
ice* Bo % 
discussed here in  is general ly  capable of pred ic t ing  these fea tures .  
However, the  theo re t i ca l  results outs ide  the  umbral region y i e ld  
per turba t ions  of t he  magnetic f i e l d  which a re  sometimes more than a 
f ac to r  of two smaller than the observed changes. 
In  addi t ion,  t he  present  theory a l so  p red ic t s  t h a t  only those 
p a r t i c l e s  with high p a r a l l e l  thermal energy csn reach the  umbral region, 
while t he  perpendicular thermal energy of p a r t i c l e s  is d i r e c t l y  
proport ional  t o  f i e l d  in tens i ty .  
highly an iso t ropic  i n  t h e  lunar wake. 
Thus the  plasma is predicted t o  be 
The e x p l i c i t  e f f e c t s  of e lec t ron  flow and electric f i e l d s  have 
been omitted. Since the  flow is  highly subsonic fo r  t he  e lec t rons ,  one 
expects t h e i r  e f f e c t s  t o  b e  equivalent t o  use  of a lower eauivalent  
speed r a t i o  S as they t r y  t o  f i l l  i n  the  wake f a s t e r  than the ions. 
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FIGURE CAPTIONS 
Figure 1 
F'igure 2 
Figure 3 
Figure 4 
Figure  5 
Figure 6 
Magnetic f i e l d  measurements i n  luna r  o r b i t  ob ta ined  on 
August 7, 1,96?, by Explorer 35. 
Simultaneous Explorer 33-Explorer 35 magnetic f i e l d  
measurements obtained on September 10, 1967. 
Pour c h a r a c t e r i s t i c  reg ions  of per turbed  plasma flow i n  
t h e  v i c d n i t y  of t h e  moon. 
Theore t ica l  r e s u l t s  on t he  p lane  of  syrnmetry f o r  
R / h =  3. 
Theoretical r e s u l t s  on t h e  p lane  of symmetry f o r  
R/Rm = 6. 
A typical p l o t  o f  t he  magnetic f i e l d  topology on t h e  p lane  
of syaanetry i n  the lunar  wake  showing the magnetic f i e l d  
magnitude pe r tu rba t ions  and the plasma umbra. 
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